Deformation bands, usually recognised in association with faults, are here analyzed in 14 relation to a tight syncline fold developed in the Miocene Numidian turbidites of Sicily. 15
Introduction 32
Arrays of deformation bands are one of the main structures (together with joints, veins 33 and shear fractures) that accommodate distributed deformation in porous sandstones 34 (Fossen et al., 2007; 2017) . Most outcrop studies have focused on their distributions and 35 attributes associated with damage zones adjacent to faults (e.g. Saillet and Wibberley, 36 2013; Rotevatn and Fossen, 2011; Farrell et al., 2014 and dozens more). However, a 37 small number of studies examine the relationship between deformation bands and 38
folding (e.g. Jamison and Stearns, 1982; Świerczewska and Tokarski, 1998 ). Here we 39 examine deformation band formation associated with a fold in growth strata that were 40 deposited above an evolving thrust wedge. The setting provides insight on the 41 development of deformation bands during folding under low burial conditions. 42
The early-middle Miocene Numidian sandstone is part of a turbidite sequence that 43 represents the earliest influx of quartz sand onto the juvenile thrust systems of Sicily 44 and the southern Apennines of Italy (e.g. Thomas et al., 2010) . It is characterized by 45 thick, amalgamated sandstone beds, up to 50 m thick. In the subsurface these strata host 46 important gas reserves that have been exploited since the 1960s (Gagliano, Sicily, Pieri 47 following attributes were measured: strike, dip, apparent displacement, and size 154 (thickness, length, and spacing). As regarding deformation bands length, data reported 155 here, are to be considered "semi-lengths", which is the half-length measured above or 156 below the scan-line; this approach applied to all structures does not compromise the 157 statistical analysis as a whole. The maximum semi-length was set at 5m (Hc); 158 deformation bands with semi-lengths longer than 5m are reported as ">Hc". For these 159 longer deformation bands and those with separations greater than tens of metres (up to 160 tens of meters spacing), the application of scanline method is not practical. For these we 161 adopted an ad hoc approach and were only able to estimate their spatial orientation and 162 approximate spacing (Fig. 3a) . 163
Our study is limited to five specific sites because of access restrictions. However, these 164 provide good coverage of the fold structure that is our objective. These contain a variety 165 of orientations of outcrop faces that provide quasi 3D contexts for deformation band 166 characterisation. 167
Petrography and petrophysics 168
In order to characterise the microstructures, we performed a set of different analyses on 169 a suite of selected specimens. Petrographic investigation was carried out on thin 170 sections prepared from such samples. Mineral chemistry, density contrast maps 171 (electron back scattered images) and microstructural analyses were created using a 172 EPMA (CAMECA SX-100) at TU Clausthal (Germany) with an electron beam in the 173 range 5-30 keV. 174
Porosimetry was carried out with Thermo scientific® mercury porosimeters (Pascal 140 175 and 240 models) at the University of Catania. With mercury intrusion porosimetry, the 176 determination of pore size is based on the properties of non-wetting liquids in 177 capillaries. The relation (Eqn.1) between pore size and applied pressure assuming 178 cylindrical pores is expressed by the Washburn equation (Drake, 1949) . 179
P r = -2γ cosφ, (Eqn. 1) 180
where r is the pore radius, φ -surface tension of mercury, γ -contact angle, P -applied 181 absolute pressure. Since the lateral size of the samples was larger than the detector field of view, the 200 microtomographic scans were acquired in local or region-of-interest mode (Maire and 201 Withers, 2014) . A single distance phase retrieval pre-processing algorithm (Paganin et 202 al., 2002) was applied to the white beam projections, in order to improve the reliability 203 of quantitative morphological analysis and enhance the image contrast. 204 described. Length/spacing ratio indicates a positive linear relation (inset of Fig. 6a) , 245 which suggests a unique evolving deformation event for the observed sets. 246
Site 2 (Figs. 2, 3d ) is located at the base of one of the aforementioned sandstones ridges. 247
At this site, red coloured poles on Fig. 2 show joints distribution (St2, n=56) in addition 248 to a few deformation bands data (St2, n=7). Here, fracturing took place on pre-existing 249 deformation bands. Joints exhibit a relatively smooth surface, no displacement, and a 250 mean aperture of about 2-3 mm, only few of them are open joints with aperture up to 25 251 mm characterized by muddy filling derived from the soil layer above. 252
Site 3 ( In Site 5 (Figs. 2, 6b ), using scan-area setup (2.80 x 2.00 m), we performed a more 265 detailed analysis on short deformation bands (few cm length and few mm spacing; Fig.  266 5a); data obtained confirm the main cluster on SE quadrant (as reported on the other 267 stations) and secondary clusters on NE and SW quadrants, comparable with St4 (Fig. 2) . 268
Scan-lines show a main frequency peak of deformation bands ranging between 0,5 and 269 length and displacement is observed within the population as a whole (Fig. 5b) . 276
Our study reveals two broad suites of deformation bands within the steep fold limb. One 277 set is sub-parallel to bedding and forms an elongate anastomosing network. This 278 system is cross-cut by smaller clusters and individual deformation bands that lie at a 279 high angle to bedding. 280
These sets of structures can be related to the distribution of both deformation bands and 281 fractures across sandstone folds (Świerczewska and Tokarski, 1998; Cosgrove and 282 Ameen, 2000) . In particular, the high-angle smaller cluster can be associated to two sets 283 of conjugate shear fractures (Watkins et al., 2015) with an acute bisector perpendicular 284 to the fold hinge, whereas the anastomosing set can be related to a joint set striking sub-285 parallel to the fold hinge in fold and thrust belt (Price and Cosgrove, 1990) . 286 287
Petrography and microstructures 288

Petrography 289
Quartz is the most abundant mineral (> 99 vol%) forming, with clasts of various 290 dimensions (mean grain-size 0.3 -0.5mm). The whole rock has a general grain-bearing 291 framework with a lower amount of quartz cement and iron deposits. Other constituting 292 phases are: opaque minerals (illite, rutile), glauconite, alkali-feldspar, zircons, monazite 293 and white-mica ( Fig. 7 ; Table 1 ). The grain-size appears heterogeneous (ranging from 294 medium to very coarse sand) resulting in a moderately sorted sediment (except for 295 SPR4 that shows a certain homogeneity), even though a mean dimension of 0.3 -0.5 296 mm is dominant. Roundness and sphericity show a high variation; clast external 297 morphology ranges from sub-angular to well-rounded. Quartz grains vary from mono-298 to poly-crystalline. Some larger clasts (of either type) contain fractures. 299
Minor (probably detrital) glauconite is found in all samples, with a grain size ranging 300 from 50 µm to 500 µm, showing a sub-rounded to rounded shape, even though, 301 sometime, grains are broken in smaller pieces. In thin sections colour varies from 302 brownish-green to green and from pale to dark-green but dark and intense green is 303 definitively more common. Almost all glauconite grains show a high pleocroism on 304 green absorption tones. Despite the optical characteristics are typical of glauconite,chemical analyses carried out with EPMA suggest a more complex nature, consisting ofchlorite, glauconite and an Al-rich phase (Tab.1). The sandstones contain rare feldspar 307 grains. These are exclusively K-feldspar (Kfs 89-96 Ab 11-4 ). Commonly they are broken 308 and some grains are highly weathered (Fig. 7e) . Few detrital zircons occur in all the 309 studied samples. Grain size ranges from 30 µm to 500 µm. Grains are commonly 310 ovoidal even though some are rounded or cuboid. 311
Microstructures 312
Four specimens have been studied via EPMA (SPR1, SPR2, SPR3, and SPR4). SPR1 313 (collected on site 4) is characterized by a cross-cutting 1.5 mm thick, brownish 314 deformation band (Fig. 8a ) that shows a higher grain-compaction grade . 315
The brownish-red colour is due to an iron rich matrix (Limonite s. l.) . In the host rock, 316 the structure is grain-supported and no matrix is recognized; a weak quartz-grains shape 317 orientation, perpendicular to the deformation band is observed. Within the band, 318 porosity reduction is observed; it results from pore-collapse and iron-rich deposit filling 319 (the latter might also indicates permeability decrease through the deformation band). 320
These features suggest a compaction nature of the deformation band without shear 321 component (Fig. 8) . 322 SPR2 contains a 2 cm-thick deformation band with a positive profile on the outcrop 323 wall (collected on Site 3). Here, we recognised two parallel deformed portions (Fig. 9a) ; 324 the first one is characterized by brownish-red, iron-rich matrix and coarser grain-size 325 (Fig. 9b) , while the second one is recognizable by a marked anisotropy and finer grain-326 size ( Fig. 9c-d) . 327
Anisotropy is due to the presence of some closely spacing sub-parallel deformation 328 bands, whose thickness range from 0.5 mm to 2 mm (Fig. 9) . The structure appears 329 grain-supported in the host rock where porosity is relatively reduced (compared with 330 other specimens) and becomes matrix-supported within the micro-deformation bands; 331 here, primary porosity and grain-size are further reduced and matrix results from grain 332 crushing processes (cataclasis - Fig. 9c ). Extensional fractures can be observed into the 333 deformation bands (Fig. 9c-d) . Fractures show an "en echelon" geometry indicating an 334 incipient shear surface. Some deformation bands show a complete coalescence of such Fig. 9c ). Moreover, within the bands some rounded clasts suggest grain-rotation 337 kinematics ( Fig. 10 a-b) . 338
Within the brownish-reddish deformation bands, iron-rich matrix filling contributes to a 339 porosity reduction; anyway a certain grade of porosity is maintained (Fig. 9b ). In such 340 domain, no shear indicators have been detected. 341
In SPR3 specimen (collected on Site 4), the transition from the undeformed portion to 342 the deformation band is gradual. It can be recognized by looking at the colour, matrix 343 content and structure variations through the thin-section (Fig. 10c) . A grain-supported, 344 light coloured and coarse structure becomes darker, more compacted and finer, moving 345 toward the deformation band. This change results in a porosity reduction into the 346 deformation band ( reduction results from compaction mechanism and iron-rich deposit (Fig. 11a) . 369
In SPR2, measurements were performed at the limit between compaction band 370 (brownish-red volume) and micro-deformation band (Fig. 11b) . Results highlight a 371 porosity value of 3.90% (which is quite consistent with what observed in SPR1), and 372 0.86% within the micro-deformation band (Tab. 2). The latter, is in agreement with 373 microscopic observation, where reduced porosity is associated with the presence of 374 cataclastic matrix. SPR4, considered as a representative host rock volume without 375 deformation bands, shows a porosity value of 26.46 % (Tab. 2). 376
We also compared X-ray micro-CT data with mercury porosimetry tests ( Fig. 12 ), that 377 have been carried out on two specimens, considered to be representative of either host 378 rock (SPR4) and deformation bands (SPR1; Tab. 3). Unfortunately, because of the low 379 mechanical features, it was not possible to carry out porosimetry analyses on the micro-380 Deformation bands. 381
Results confirmed that the two portions are characterised by different porosity values, 382 higher in the host rock (26.75%) than in the compaction band (15.95%). This, despite 383 the pore size is larger in the host rock compared to the deformation band, where pre-384 existing pores are often filled and therefore poorly connected as also noticed by 385 petrographic observation. Moreover, in the host rock pores seem to belong to a narrow 386 size range, whereas in the deformed band they belong to various size classes (Fig. 12) . 387 secondary arrays that form broadly conjugate sets, where the left-lateral set evolved 398 more than the other (Fig. 14) . The acute bisector of these arrays is sub-perpendicular to 399 the fold axis, so sub-parallel to the inferred direction of maximum contraction. 400
The general pattern of deformation band sets at Sperlinga are broadly consistent with 401 models for jointing during folding of competent rocks such as limestones (e.g. Cosgrove 402
and Ameen, 2000; Awdal et al., 2016) . It is interesting that the structures at Sperlinga 403 show these simple relationships to the host syncline. They do not betray any of the 404 rotational strain history for the thrust belt detected paleomagnetically (Speranza et al., 405 2003) which we deduce must have, at least locally, been accommodated without 406 distortional strain of the thrust wedge. 407
The Sperlinga site was chosen to be representative of deformation under low-burial 408 conditions. They are both of compaction and shear-type, using the classification of 409 Multi-technique petrophysical analyses revealed their internal structure and porosity 420 micro-connectivity impact on the performance of these types of strata as hydrocarbon 421
reservoirs. 422
High resolution images and mercury porosimetry allowed us to qualitatively and 423 quantitatively estimate the porosity and grain-size variations as well as microstructures, 424 and the reduced porosity with respect to the host rock. Compaction bands are definitely 425 more common; they result in a porosity reduction and an iron-rich matrix filling, which 426 produces a permeability reduction. Slipped deformation bands are accompanied by 427 cataclastic processes resulting in a grain-size and porosity reduction (because ofechelon fractures produce a continue shear surface. 431 Therefore, from a microstructural point of view, compaction bands are expected to 432 behave as a fluid barrier, whereas the presence of extensional and shear fractures within 433 the slipped deformation bands should represent a preferred way for fluid/gas phases. 434
As with other emergent thrust systems, early-burial folding in the thrust wedge of Sicily 435 is common, as evidenced by widespread preservation of syn-kinematic strata in growth 436 synclines (Butler and Lickorish, 1997; Butler et al., 2015) . Deformation sequences are 437 known to be complex, with distributed folding occurring in parallel to displacements on 438 major thrusts. Therefore, deformation band arrays formed within a few hundred metres 439 of the Earth's surface, such as those described here, are to be expected. This damage 440 will be incorporated, along with depositional heterogeneity and early diagenetic effects, 441 to influence petrophysical properties when these rocks become buried. This burial can 442 happen when break-back or continued thrust activity emplaces substrate over thrust top 443 basin fills. Early burial damage, through arrays of deformation bands, may be 444 commonplace in emergent thrust systems elsewhere. 445 446
Conclusions 447
The combination of field structural investigations and detailed meso-and micro-448 structural analyses gives us a comprehensive picture of an outcrop analogue, in the 449 Sperlinga Numidian sandstones, of a sub-surface gas reservoir in Gagliano. These types 450 of successions with their structural heterogeneities are important exploration targets in 451 other compressional settings, especially those on deepwater continental margins. 452 Therefore, our study can be informative in several cases. 453
At least, two main deformation stages are here observed. The last and more prominent 454 one (NE-SW oriented) has been formed by the evolution of left-lateral set of conjugate 455 deformation bands sets (Figs. 3b, 13b, 14c) . 456 A continued deformation event will eventually produce fractures (or faults) on the pre-457 existing deformation bands (Fig. 3c) . In studied sandstones, qquartz constitutes almost 458 the whole rock mineralogy and forms a grain-bearing structure with a lower amount of 459 quartz-cement. 
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